Abstract -In this paper, we present a Ground moving target indication (GMTI) method based on the analysis of the two phase difference maps (PDM) of the same target scene obtained by one antenna phase center on a slow moving platform. For small unmanned aerial vehicles (UAVs) only one antenna is available to detect moving targets. Using a single antenna and the two PDMs method, odd numbered spatial samples are used to construct the first synthetic aperture radar (SAR) image, and the even numbered spatial samples are used to construct the second SAR image of the same target scene. The along track neighboring pixels phase difference is calculated for each image; and, thus two PDMs are generated. The phase difference values of the corresponding pixels in the two PDMs are almost the same if there are only static objects in the target scene; while if there is a moving target with a reasonable speed in one pixel, it will generate extra phase change based on the phase change generated by the platform motion. The extra phase change generated by the moving target would be detected in comparing the two PDMs, and thus the moving target is detected. Simulations conducted confirm that the proposed method can detect ground moving targets with very low speeds.
Introduction
Ground moving target indication (GMTI) is an important mission of airborne or space borne synthetic aperture radar (SAR). Many GMTI methods have been presented in the literature including space-time adaptive processing (STAP) [1] , displaced phase center antenna (DPCA) [2, 3] , and along track interferometry (ATI) [4, 5] . Additionally, variations of these techniques have been used for clutter suppression. Using a Fractional Lower Order Moment (FLOM) in STAP [6] reduces the heavy-tailed nonGaussian signals. Also, the DPCA has been used for high range resolution (HRR) radar clutter suppression [7, 8] . Both STAP and DPCA are capable of cancelling main beam and side lobe clutter for multi-channel airborne radars with two or more antenna phase centers [9] . By providing accurate radar signals with GMTI, HRR, and SAR processing, simultaneous tracking and identification of targets can be accomplished [10, 11] through feature analysis of the radar signals.
In STAP, the received signal's Doppler frequency is used to discriminate moving targets as compared to a static background. The targets whose Doppler is close to the clutter ridge [12, 13] is hard to detect. In the DPCA based SAR GMTI method, two antenna phase centers along the platform track are needed. Using the two phase centers, a carefully calculated pulse repetition frequency (PRF) is determined by the platform speed and the distance between the two antenna phase centers. In DPCA, by controlling the PRF, we get two images of the same target scene when the second antenna phase center arrives at the previous position of the first antenna phase center. In the two images, the static objects generate the same signal parameters (amplitude and phase), while the moving target generates different signal parameters. By comparing the two images, the moving target can be detected. In along track interferometry (ATI), the moving target's radial speed is measured with two antenna phase centers configured along the platform track. When multiple antenna phase centers are needed, the platform should have enough space to install them. But an unmanned aerial vehicles' (UAVs') size is small and in general there is no enough space to install two SAR antennas.
Here, we introduce a GMTI method via comparing two consecutive phase difference maps (PDMs) of the same target area, which are obtained with only one antenna phase center. In this PDM method, as the platform is moving along its track, the odd numbered spatial samples are used to construct the first image and the even numbered spatial samples are used to construct the second image. In each image, the phase differences between along track neighboring pixels are calculated and two PDMs are generated. When the target scene only includes static objects, the PDM generated from the first image is close to that obtained from the second image. While, if there is a moving target in the target scene, the moving target generates an extra phase difference in the second PDM as compared to the first PDM. Thus, the moving target can be separated from the background and be detected.
The proposed PDM method is applicable to those SAR systems with low platform speeds, e.g., airborne SAR systems. The PDM is not suitable to be used in space borne SAR systems, which have a very high speed (more than 7000m/sec), because on the high speed platform, the platform's position offset between two consecutive spatial samples is much larger, and therefore it is hard to construct two images of the same target scene with a single antenna phase center. The rest of the paper structure is as follows. Section 2 compares the phase difference when there are only static objects in the target scene. Section 3 compares the phase difference when there is one moving target in the target scene. Section 4 presents the simulation results and Section 5 concludes the paper.
Phase Difference Comparison with Static Objects
As shown in Figure 1 , a synthetic antenna's phase center position is at time instants and at time instant .
is a three-dimensional position and , , , 1, 2 , where the superscript T denotes the transpose operation. The phase center of each pixel in a target scene is denoted with , , , , , , , , , 1,2, , and 1,2, , are pixel indices, and N and M are the total pixel numbers of the image along x and y axes, respectively. Ignoring the fixed phase delays including the target reflection effect and those generated by the transmitter and receiver, the phase of each pixel in the SAR image corresponding to the synthetic antenna phase center at is calculated with , ,
Where, · denotes the Euclidean distance calculation and λ is the carrier wave length.
Due to the roughness of the target scene, the phases of the image's pixels are random variables, from which no information related to moving targets can be extracted. When the synthetic antenna phase center has a small position offset, e.g., moves from to , we can construct another image of the same target scene, and the phases of the image's pixels can be calculated using Eq.
(1). The phase difference between the corresponding pixels in the two images depends on the platform's position offset, the angle of view from the platform to the image pixel, and the distance between the platform and the pixel (which is not deterministic). The phase difference between two neighboring pixels of the first image (constructed with the synthetic antenna phase center at ) is almost the same with that of the corresponding neighboring pixels of the second image (constructed with the synthetic antenna phase center at ). If a moving target is in the target scene, the target generates one or more pixels' extra phase change based on the phase change generated by the platform motion comparing the second image to the first image. If the phase change generated by the moving target is large enough, it would be detectable in comparing the two PDMs.
The phase difference between two neighboring along track pixels in an image is calculated with
Assuming the synthetic antenna's phase center position corresponding to the first image is 0, 0, and its position corresponding to the second image is ∆ , 0, , where h is the platform's height and ∆ is the platform's position offset along track; a displacement can be determined. The positions of the two pixels, , and 1, , are 
The distances from the second synthetic antenna phase 
Incorporating (3), (4) into (1), and incorporating (1) into (2), the phase differences between two neighboring pixels along track in the first and the second images are calculated as follows.
Using ∆ , , , and ∆ , , , , we can construct two PDMs of the first and the second images of the target scene. The difference between two corresponding element of the two PDMs, i.e., ∆ , , , and ∆ , , , , corresponds to
When the radar is far away from the target scene (i.e.,
, is large), the platform's position offset is small (i.e., ∆ is comparable or smaller than the carrier wave length ) and the image resolution is reasonable high (i.e., ∆ is small), the result of Eq. (7) would tend to be zero.
Next, we utilize the phase difference to detect a moving target.
Phase Difference Comparison with Moving Target
For convenience of calculation, we assume the moving target's reflection is the only signal of a pixel if there is a moving target in the pixel. In addition, we assume that the moving target stays in the same pixel in the process of constructing the two images. When a ground moving vehicle with a radius speed of is in a pixel numbered , , the pixel's phase in the first image is assumed to be , , , then in the second image, its phase would be , , , ,
In (8), is the pulse repetition frequency (PRF) of the imaging/GMTI SAR and Δ , , , is the phase change generated by the platform motion. If the pixel is static, Δ , , , corresponds to
From the first image to the second image, the phase variation of the pixels 1, is only generated by the platform's motion (assuming there is no moving target in the pixel); thus, its phase is
The difference between ∆ , , , , ,
, , and ∆ , , , , , , , is calculated using (8) and (10), which corresponds to 
In (11), Δ , , , Δ , , , is equivalent to the result of Eq. (7), and it is close to zero. Thus, when a moving target is in an image's pixel numbered , , the difference between the phase differences obtained from two consecutive images, i.e., ∆ , , , ∆ , , , , is dominated by the moving target if the target's speed is reasonable high. Thus, via calculating the difference between the neighboring pixels' phase differences achieved in two consecutive images, the moving target with a reasonable speed can be detected. If the moving target's radial speed is 1.5 / , the radar carrier wave length is 0.03 and the SAR PRF is 4000Hz, the phase change generated by the moving target would be 9°. In case of the SAR PRF of 2000Hz, the phase change generated by the moving target would be 18°.
The detection scheme is shown in Figure 2 . The threshold depends on the SNR and the parameters in Eq. (7). When the difference of the phase differences falls in the red area, it is taken that there is no moving target in the two pixels. If the difference of the phase differences falls in the blue area, it is taken that there is moving target in at least one of the two pixels, and which pixel the moving target is located in can be determined by checking the neighboring differences. In addition, the radial speed of the moving target is estimated using
In some scenarios, the moving target speed can cause the difference between the phase differences fall in the red area in Figure 2 , i.e.,
where n is an integer.
If the moving target falls within the red area of Figure 2 , it would be considered as static and is miss detected. In (13) , is the threshold to separate static objects and moving targets, and Δ , Δ , , , Δ , , , . If Δ , in (13) is ignorable, the moving target's anti detection speed would be 
And when the ground moving target radial speed is larger than 2 , we get speed ambiguity in Eq. (12) .
If 6°, 0.03 and 4000Hz, the smallest detectable radial speed would be 1m/sec (i.e., 3.6km/h), and the maximum unambiguous speed is 59.3m/sec, which is 213.6km/h. Note that most ground moving vehicles' speed is lower than a threshold of 60 m/sec.
Simulations
The simulations are used to show the GMTI capability of the proposed PDM method with parameters including: platform altitude and speed, PRF, SAR image resolution, target scene surface roughness and the relative position of the target scene and the platform. The platforms' altitude (h) and speed (v) used in the simulation are listed in Table  I [ [13] [14] [15] . The other parameters are as follows:
• PRF is 2000Hz or 4000Hz.
• Carrier wave length is 0.03m.
• Image resolution is 2m or 6m.
• Flat scene surface or rough scene surface with random height difference uniformly distributed between 0 and 5m.
• The target area is either in front looking view or side looking view of the platform. Assuming the projection of the antenna's phase center at time on x-y plane is (0, 0), in the front looking configuration, the position of the pixel numbered 1, (assuming M is an odd number) in x-y plane is (√3 , 0); and in side looking case, the position of the pixel numbered , 1 (assuming N is an odd number) in x-y plane is (0, √3 ).
• When the image resolution is 2m, we consider 999×999 pixels; and when the image resolution is 6m, we consider 333×333 pixels. The simulations would generate the difference of the phase differences between along track neighboring pixels of two consecutive images of the same static target scene. The maximum absolute value of the difference is listed for each scenario in the following Table II . Table II shows that high PRF, high image resolution and flat target scene would lead to smaller difference between the two PDMs. In addition, the difference obtained in the front looking view is smaller than that collected from the side looking view. All these differences between the two PDMs are much smaller than that generated by the moving target with a reasonable speed, e.g., 1.5m/sec. Thus, a moving target with 1.5m/sec can be detected. PRF  2000Hz  4000Hz  2000Hz  4000Hz  resolution  2m  6m  2m  6m  2m  6m  2m 
Conclusion
We proposed a Ground moving target indication (GMTI) method based on the comparison of two phase difference maps (PDM) that are generated from two synthetic aperture radar (SAR) images of the same target scene. Given that small UAVs are only able to carry one antenna, we developed a method to detect moving targets from a stationary background. The PDM method is suitable for SAR systems with low platform speeds. Simulations were conducted to determine the phase differences in degrees for both front-looking and side-looking radars. Simulations show that the method can detect ground moving target with very low speed, e.g., 1.5m/sec.
